Experimentally it has been found that a ferromagnetic metallic lm is strongly demagnetized within few hundred fs after exposure to a fs laser pulse. The theories of this ultrafast demagnetization are reviewed, especially the inuence of scatterings of the excited electrons at phonons and at magnons. The calculations for phonons and magnons are performed by the ab initio spin-density-functional electron theory for Ni and Fe, and they are based on Fermi's golden rule for transition rates. The application of this rule on the fs time scale is critically discussed in view of results from quantum-kinetic density-matrix calculations. It is shown that the experimentally observed demagnetization rates cannot be explained by spin-ip scatterings of electrons exclusively at phonons or exclusively at magnons. A combination of individual spin-ip electronphonon and spin-ip electronmagnon processes is shown to be a potential candidate for the explanation of ultrafast demagnetization.
Introduction
The direction of the magnetization in a magnetic region may be interpreted as bit 0 for one direction and as bit 1 for the opposite direction. Therefore microand nanosized magnets can potentially be used in advanced data storage and data processing devices. It is desirable to increase the data storage density by miniaturization of the components, and to increase the speed of writing of the bits, i.e., it should be possible to modify the magnetization direction of the magnetic systems as fast as possible. Usually the magnetization direction in homogeneously magnetized lms of lateral dimensions of micrometers and thicknesses of nanometers is switched by the application of magnetic elds or of spin-polarized currents. Another example is the switching of the polarization direction of a magnetic vortex core in a cylindrical disc lm by small-amplitude rotating in-plane elds which hold for many periods or which are short bursts down to one period, or which are produced by short linear eld pulses in two orthogonal in-plane directions with some time-delay between their respective starts.
The minimum switching time which could be achieved so far was smaller than 100 ps [1] .
Another way of changing the magnetization is the irradiation of the lm with a fs optical laser pulse. In 1996, Beaurepaire et al. [2] showed for the rst time that a thin ferromagnetic Ni lm demagnetizes within few hundreds of femtoseconds (fs) after irradiation with a fs linearly polarized laser pulse. The demagnetization is followed by a remagnetization on a time scale which is much longer.
Because of this remagnetization the eect of course cannot be used in information storage and data processing devices, but the physics is extremely interesting from * corresponding author; e-mail: faehnle@is.mpg.de a fundamental point of view (see below). Later publications (for reviews, see Refs. [3, 4] ) showed that by application of high-power fs lasers the time for demagnetization could be reduced to below 100 fs for Fe, Co and Ni. This is presently considered as the fastest possible macroscopic manipulation of the magnetic state of a solid. Due to this fact it is called ultrafast magnetization dynamics. A fast demagnetization occurs not only for the 3d transition metals Fe, Co, Ni, but also for 4f rare-earth metals, e.g., Gd, albeit in two steps, an initial reduction of the magnetization by about 25% in about 1 ps and a nal demagnetization in about 40 ps.
The diversity of laser-induced demagnetization of type I systems (e.g., Fe, Co, Ni at not too high uences) and type II systems (e.g., Gd) is explained in Ref. [3] . In the present paper we consider only type I systems.
Another fast magnetization process after short laser pulses is the all-optical switching. Irradiating ferrimagnetic lms composed of rare-earth atoms and transitionmetal atoms (e.g., GdFeCo) with short laser pulses leads to a reproducible magnetization reversal in about several ps [5] . Because of the reproducibility of the magnetization reversal this eect potentially may be used for information storage and data processing devices.
The mechanisms of ultrafast demagnetization and of alloptical switching are most probably dierent in detail.
We will not consider all-optical switching.
In Sect. 2 the existing theories of ultrafast demagnetization are reviewed. Especially the basic assumption of all these theories, the conservation of the angular momentum of the sample and the involved photons is discussed critically. In Sect. 3 the calculational methods for the contributions of spin-ip scattering processes of the excited electrons at phonons and at magnons are described.
Thereby, special emphasis is given on the questions which methods should be used to describe the processes on a fs time scale, Fermi's golden rule for transition rates or quantum-kinetic approaches. Section 4 gives the results.
(170) It will be shown that the experimentally observed demagnetization rates cannot be explained by spin-ip scatterings of electrons exclusively at phonons or exclusively at magnons. It will be discussed that possibly a combination of individual spin-ip electronphonon and spinip electronmagnon processes can describe the ultrafast demagnetization, as suggested by Schellekens and Koopmans [6] . Conclusions will be given in Sect. 5.
Review of theories of ultrafast demagnetization
The magnetization M of a solid in the ground state is built by the expectation values of the electronic spin angular momentum S and of the electronic orbital magnetic moment L ,
where µ B is Bohr's magneton and where g s is the sping-factor. In the following we consider lms of bcc Fe and fcc Ni. In cubic transition metals L is almost completely quenched by the crystal eld, and therefore S builds the magnetization to a good approximation.
For the ultrafast demagnetization the question arises how the angular momentum can be transferred from the spin system of the lm to other degrees of freedom on a 100 fs time scale. Possible mechanisms will be discussed in the present section.
Battiato et al. [7] have argued that the diusion of spin-polarized excited electrons from the lm to a metallic substrate contributes to the demagnetization. However, ultrafast demagnetization is observed also for insulating substrates for which the eect of this superdiffusion is certainly small. We will neglect this eect in the following.
The basic assumption of all theories is that the total angular momentum J of the lm and the involved photons is conserved during the demagnetization, i.e.,
where L l is the angular momentum of the lattice and L ph is the angular momentum of the involved photons.
The conservation of J is fullled if 1. the system under consideration is isotropic. Both of these assumptions are not strictly fullled in the ultrafast demagnetization experiments. First, the system under consideration is not really isotropic, because the sample is not free in space but xed on a sample holder which is xed on a table which stands on the oor which is part of the earth. However, it is argued that on the fs time scale the transfer of angular momentum from the sample to the surroundings can be neglected [8] . Second, linearly polarized electromagnetic waves are emitted from the sample because its magnetization changes in time [9] . The waves emitted to the vacuum do not carry away angular momentum [8] . However, the linearly polarized waves may be represented as a superposition of right-and left-circularly polarized waves, and in a dichroic lm the interaction of the emitted waves with the electrons is dierent for the two parts. Therefore, in a realistic non-spherical sample there is a net transfer of angular momentum from the waves to the sample by reabsorption. This is not taken into account in the existing theories (i.e., point 2. is not fullled), but the eect is small. So the eects of deviations from the strict conservation of angular momentum in the existing theories for ultrafast demagnetization in real samples are small and can be neglected [8] .
In metallic lms the dominant part of the demagnetization is observed after the duration of the laser pulse, so that the laser photons need not be considered as other degrees of freedom. So, altogether, the term ∆ L ph in Eq. (2) can be neglected, and the interplay between ∆ S , ∆ L and ∆ L l has to be considered. The most popular candidate for this interplay is a mechanism of ElliottYafet type [10, 11] . The basic idea is that in a system with spinorbit coupling the electronic states Ψ jk (with band index j and wave vector k) are no pure spin states, but spin-mixed states according to
where a jk (r) and b jk (r) are lattice periodic functions and |↑ , |↓ are the two spinor eigenfunctions of S z .
The wave function is denoted as dominant spin up
In the following we denote the dominant spin character by m s , and we add the index m s (which is determined by jk) to the wave function, Ψ jk ms . In such systems any scattering process between two states Ψ jk ms and Ψ j k m s changes the spin mixture, i.e., Ψ jk ms | S z |Ψ jk ms is dier- The latter types of scatterings so far have not been considered for the ultrafast demagnetization, because it was found experimentally that the demagnetization is very similar for samples with dierent structural properties (epitaxial lms, polycrystalline lms, etc.). Many papers are based on electronphonon scatterings (see, e.g.,
Ref. [12] where the electronphonon scattering is treated by the ab initio electron theory). The contributions of electronmagnon scatterings are discussed in Refs. [6, 13] and are treated by the ab initio theory in Ref. [14] .
References [15, 16] consider with non-ab initio model calculations the contributions of electronelectron scatterings. It should be noted that in all theories only the change of the expectation value of the magnetic moment is calculated which is related to a change of the angular momentum of the magnetic species (electrons, magnons).
However, the theories do not keep track of the angular momentum transfer from the magnetic species to the lattice, they assume implicitly that the lattice is a perfect sink for the angular momentum. In Sect. 4 we will discuss our results for the contributions of the electron phonon and the electronmagnon scattering. It will be shown that the experimentally observed demagnetization rates of Ni and Fe cannot be explained by scattering of the excited electrons exclusively at phonons or exclusively at magnons, but possibly by a combination of individual electronphonon and electronmagnon processes.
In Refs. [15, 16] it is concluded from model calculations that the electronelectron scatterings dominate the ultrafast demagnetization. We think that this has to be checked by corresponding ab initio calculations.
Finally, it has been argued in Ref. [12] that on the time scale of fs the phononphonon interactions and the phononmagnon interactions can be neglected, and the same holds for magnonmagnon interactions.
Computational methods
In this section we summarize the basic assumptions which we make in our calculations of the contributions of electronphonon and electronmagnon scatterings to the ultrafast demagnetization after fs laser pulses. For details of the calculational methods we refer to Refs. [12, 14] .
A complete analysis of the demagnetization behaviour would require the solution of the time-dependent manybody Schrödinger equation for electrons and atoms, where the spinorbit coupling and the interaction of the system with the laser pulse has to be taken into account. From the obtained electron magnetization density m(r, t) the atomic magnetic moments M R (t) = M R (t) · e R (t) with magnitude M R (t) and orientation e R (t), dened by
can be calculated. Here Ω R is the volume of the atomic sphere around the nucleus at position R, and ν is the frequency, ν ≈ 10
13 Hz, of a typical long-wavelength magnon. In a rst step of approximation, the full Hamiltonian is replaced by a model Hamiltonian 
whereuasi = ±(k − k + G) with a reciprocal lattice vector G which has to be added if k − k is outside the rst Brillouin zone, and the + () sign holds for the absorption (A) or the emission (E) of the quasiparticle.
The quantities M
A,E jk ms,j k m s are the transition matrix elements (see Sect. 3.3). Inserting for ∆ε a large quasiparticle energy, e.g., 40 meV for phonons in Ni, the perturbation time should be much larger than 100 fs (which is in contrast to the demand of a short perturbation time to guarantee that the Markovian rst-order theory holds).
Since the ultrafast demagnetization is on a time scale of 100 fs, it is in principle not allowed to use Fermi's golden rule with the δ-function which represents conservation of energy in the scattering process. In fact, 100 fs is shorter than an oscillation period of typical phonons and magnons, so that the electron does not know the frequency of the quasiparticle, or expressed in terms of the time-energy uncertainty relation the energy is not well dened whereas Eq. (6) implies energy conservation. 
Electronphonon and electronmagnon scattering operators
The transition matrix elements appearing in Eq. (6) are
where |F and |F characterize the quasiparticle state of the system (described by quasiparticle occupation numbers) before and after the scattering process. Thereby the scattering operator Wuasi; A, E is a (2 × 2) matrix acting on the two-component spinor elds Ψ jk ms .
For the case of phonons it describes the distortion of the electrostatic lattice potential and a distortion of the spinorbit coupling, and it is given by Eq. (6) of
Ref. [12] . The operator for the scattering of crystal electrons at magnons has been derived in Ref. [20] and is given by Eqs. (7)(10) of Ref. [14] . The spinor elds Ψ jk ms occurring in the matrix elements are calculated by the linear-mun-tin orbital (LMTO) theory [21] in atomic-sphere approximation (ASA), see Eq. (11) of Ref. [14] .
Calculation of the demagnetization rate and the demagnetization time
Within the ElliottYafet Boltzmann type approach the rate of change of the magnetic moment per atom directly after the laser pulse is given by
where Ω BZ is the volume of the Brillouin zone. 
where ∆M If the decrease of the magnetization is of the form
then the demagnetization time T 1 is given by Eq. (15) of Ref. [12] , which contains again the transition rates W jk ms,j k m s , but otherwise only equilibrium quantities, namely the chemical potential ε F which in equilibrium is the same for dominant spin-up and for dominant spindown states, and the equilibrium temperature T 0 for which we insert room temperature (see Ref. [22] ).
Results

Electronphonon scatterings
In this section we summarize the results for the contributions of electronphonon scatterings to the ultrafast demagnetization which are discussed in detail in
Ref. [12] . The calculated demagnetization time is 16 fs for fcc Ni and 22 fs for bcc Fe. These times are smaller than experimental demagnetization times (about 100 fs or 200 fs). This shows that electronphonon scattering is fast enough to explain in principle a magnetization dynamics on a sub-100 fs time scale, in contrast to a wide-spread opinion that electronphonon scatterings can change observables only on a time scale which is longer than the oscillation time of one phonon period which is typically 1 ps. However, the demagnetization rate dM/ dt which characterizes the strength of the demagnetization and which we calculated for electron temperatures up to 2000 K from Eq. (8) whereby the typical values for T el are between 500 K and 900 K as described in Sect. 3.1 is very much smaller than the experimentally observed demagnetization for bcc Fe for all values of T el . For fcc Ni the calculated rates are also much smaller than the observed rates up to T el = 1000 K and only for unrealistic values T el ≥ 1500 K they are comparable to the experimental rates.
Electronmagnon scatterings
In a system without spinorbit coupling electron magnon scatterings conserve the spin angular momentum, i.e., they do not contribute to demagnetization. Assume, e.g., that a spin-down electron ips its spin orientation (leading to an increase of the magnetic moment by 2µ B ) by emission of a magnon, which in turn leads to a decrease of the magnetic moment by −2µ B , so that altogether the magnetic spin moment is conserved. In a system with spinorbit coupling the electronic states are no pure spin states (see Eq. (3) 
or ↑→↓ +phonon, ↓→↑ +magnon.
Thereby, the electronphonon scatterings deliver angular momentum from the spin system to the lattice, whereas in the respective magnon-emission process the original spin state of the electron is restored and the magnon disorders the atomic magnetic moments, leading to a demagnetization.
The idea behind this model is the following. It has been shown in Ref. [12] that the calculated demagnetization rate due to electronphonon scatterings are smaller than the experimentally observed rates because the available phase space for the electronphonon scattering is too small. The combination of electronphonon and electronmagnon processes described by Eqs. (13), (14) leads to a demagnetization without consuming phase space for spin-ip electronphonon scatterings (because at the end of the combined processes the original spin state of the electron is restored). In Ref.
[14] a way is described to calculate explicitly the demagnetization by this combination of two scattering mechanisms, which however is extremely complicated and time-consuming. Therefore, so far only the necessary pre- 
TABLE IV
Rates of scatterings of electrons at magnons and at phonons between dierent spin states, within 100 fs and per atom, in Fe. 
Conclusions
The experimentally observed demagnetization rates of transition-metal lms after femtosecond laser irradiation cannot be explained by scattering of the excited electrons exclusively at phonons or exclusively at magnons. A potential candidate for the explanation of the experimental results is a combination of individual spin-ip electron phonon and spin-ip electronmagnon processes. It may also be that electronelectron scatterings may explain the ultrafast demagnetization in systems with spinorbit coupling. This has been predicted in Refs. [15, 16] by model calculations, but this prediction should be checked by corresponding ab initio calculations.
